We present the status of the CP-conserving two-Higgs doublet model at the end of the 8 TeV run. We discuss how far can one go in probing the wrong sign limit and the symmetric limit of the 2HDM during the next LHC run. The heavy scenario, defined as the one where the heavy CP even scalar is the one discovered at the LHC, has no decoupling limit. This non-decoupling nature of the heavy scenario is extremely interesting and there are good chances to probe it at the next LHC run.
Introduction
The discovery of the Higgs bosons at the Large Hadron Collider by the ATLAS [1] and CMS [2] collaborations was undoubtedly a major achievement in science. Now that all run-1 data has been analysed it is clear that the Higgs boson resembles the one predicted by the Standard Model (SM). In fact, the measurement of Higgs production cross sections and branching ratios clearly point to a very SM-like Higgs boson. It is now the time to understand if extensions of the SM, that can also explain the experimental results, can be probed at the next LHC run. Many SM extensions provide a number of scenarios that although allowed at the end of run-1, could be probed/excluded during the next LHC run.
We will focus on one of the simplest extensions of the SM, the two-Higgs doublet model (2HDM), which is build by simply adding one extra scalar doublet to the SM field content (for a review see [3, 4] ). The 2HDM comes in many different forms. There are CP-conserving versions, CP-breaking versions and it can also provide a dark matter candidate. We will start by reviewing the most general 2HDM Yukawa sector followed by a brief presentation of the Higgs potential. We will then move to the main purpose of this work which is the interpretation of the results from run-1 in the context of the CP-conserving 2HDM. We will analyse the different scenarios that can be probed at the next LHC run. Finally we will briefly comment on other versions of the 2HDM.
Yukawa Lagrangian and Flavour Changing Neutral Currents
The SM Yukawa Lagrangian can be written as
where U, D, N and E are gauge eigenstates vectors in flavour space for up-type quarks, downtype quarks, neutrinos and charged leptons, respectively and Y are 3 × 3 matrices in flavour space. Defining the vacuum expectation value of the neutral component of the Higgs doublet Φ 0 as Φ 0 = v/ √ 2, the mass terms are
Let us focus, for simplicity, on the down-type quarks only 1 . Defining the rotation to the mass eigenstates as
It is straightforward to show that the Higgs interaction with downtype quarks is h D L M d D R + h.c.. Hence, there are no tree-level flavour changing neutral currents (FCNC) in the SM. This is obviously related to the proportionality between the interaction and the mass term in the initial
In the 2HDM, there are now two doublets, Φ 1 and Φ 2 . The real and neutral components of the gauge eigenstates are now defined as h 1 and h 2 with real VEVs
Focusing again on the down-type quarks only, the mass lagrangian is
while the corresponding interaction terms are 5) where the mass eigenstate H is obtained from h 1 and h 2 via H = − sin α h 1 + cos α h 2 . There is a similar term for the other mass eigenstate h = cos α h 1 + sin α h 2 for which the down-type quark coupling is proportional to
Clearly the mass terms is not proportional to any of the Higgs interaction terms. Therefore they cannot be diagonalised simultaneously which leads, in the most general case, to tree-level FCNC. It is well known that these FCNC mediated by scalars are severely constrained by low-energy experiments.
The issue of avoiding FCNCs has been addressed in many different ways over the years. The simplest solution is to couple fermions of a given electric charge to no more than one Higgs doublet [5] . This can be accomplished in a natural way by imposing a Z 2 symmetry to all fields and invariance of the lagrangian under that symmetry. The Z 2 charge assignments (Φ 1 is even and Φ 2 is odd) lead to four independent combinations [6] : only Φ 2 couples to all fermions (type I); Φ 2 couples to up-type quarks while Φ 1 couples to charged leptons and down-type quarks (type II); Φ 2 couples to charged leptons and up-type quarks while Φ 1 couples to down-type quarks (type Flipped or Y); Φ 2 couples to quarks while Φ 1 couples to charged leptons (type Lepton Specific or X). One of the doublets is odd while the other is even under Z 2 .
All other versions of 2HDMs where this symmetry is not imposed in the Yukawa sector either have tree-level FCNC or are not stable under the renormalization group [7] (see [4] for a thorough discussion). There are however ways to force those flavour changing currents to be small. One such example is a class of models known as BGL [8] where the tree-level flavour changing couplings are proportional to the elements of the CKM matrix. Therefore the off-diagonal CKM elements naturally suppress the neutral scalars flavour changing couplings. Another example is the ChengSher Ansatz [9] where the flavour-changing couplings are proportional to the geometric mean of the Yukawa couplings of the two fermions involved in coupling.
There are other proposals in the literature for 2HDMs where FCNC is absent at tree-level. One such example is the Aligned model [10] which assumes that the two Yukawa-coupling matrices are proportional precluding the existence of tree-level FCNC. Although these type of models can provide an interesting guide for phenomenological purposes they are however not stable under renormalization [7] .
2HDM Higgs potential
Once we have chosen to avoid FCNC at tree-level by imposing the Z 2 symmetry on the fields, the Higgs potential invariant under Z 2 , softly broken by a dimension two term, can be written as
Since V has to be hermitian, m 2 12 and λ 5 can be complex while all other parameters have to be real. If m 2 12 , λ 5 and both VEVs are real, the potential is CP-conserving. An explicit CP-violating potential is obtained by choosing m 2 12 and λ 5 complex [11] . Since the VEVs are real we can define tan β = v 2 /v 1 for both models. The remaining independent parameters for the CP-conserving model are the four masses m h , m H , m A and m H ± , the rotation angle α that diagonalises the CP-even mass matrix, and m 2 12 . In the CP-violating case the free parameters can be chosen as the two lighter neutral states masses m 1 and m 2 , m H ± , the three rotation angles that diagonalise the neutral mass matrix α 1 , α 2 and α 3 and Re[m 2 12 ]. Once a CP-conserving vacuum configuration is chosen, it is stable against the appearance of both charge breaking and CP-breaking minima, at tree-level [12] . It is however possible that up to two CP-conserving minima coexist. However, we force the CP-conserving minimum with the right pattern of symmetry breaking to be the global one [13] .
The status of the CP-conserving 2HDM
The constraints on the CP-conserving 2HDM were recently reviewed in [14] and are included either directly or via interface with other codes in SCANNERS [15, 16] , which was used to perform all scans over the 2HDM parameter space. SCANNERS is interfaced with SUSHI [17] which calculates pp(gg + bb) → h at NNLO and with HDECAY [18, 19] for the calculation of all Higgs decays. All other production cross sections, vector boson fusion (VBF), associated production (with a W or a Z) and tth were taken from [20] at NLO. All collider data was taken into account via interface with external codes. The non-observation of new scalars was considered using HIGGSBOUNDS [21] with the exclusion limits taken at 95% C.L.. Consistency within a 3σ , 2σ or 1σ probability with the observed Higgs boson at the LHC was taken into account with HIGGSSIGNALS [22] .
When confronting the 2HDM with the Higgs experimental results obtained at 8 TeV we use the signal strength defined as
where σ is the SM-like Higgs production cross section and BR(h → f ) is the branching ratio of the decay into final state f ; σ SM and BR SM (h → f ) are the theoretical values calculated for the same quantities in the SM. We will also make some rough prediction for the surviving 2HDM parameter space after the 13/14 TeV run. To perform this study we will demand µ h f to be within 20, 10 or 5 % of the SM predictions for the final states f = WW , ZZ, γγ and τ + τ − . Finally we define the constants κ i as
which at tree-level are just the 2HDM couplings relative to the SM κ i = g
We will discuss two scenarios, one where the light CP-even Higgs is the SM-like one with m h = 125.9 GeV (the light Higgs scenario) and the other where the heavy CP-even scalar is the SM-like one with m H = 125.9 GeV (the heavy Higgs scenario). Therefore in our scans the mass of one of the CP-even states is set to 125.9 GeV. All other masses are free to run in the range [50,1000] GeV, subject to all constraints plus the condition that the other neutral scalars are at least 5 GeV away from the Higgs mass 125.9 GeV. Regarding the remaining parameters, they will be varied in the range 0.1 < tan β < 50, |α| < π/2 and −(900 GeV) 2 < m 2 12 < (900 GeV) 2 . In figure 1 we present the points that survived at 3σ , 2σ and 1σ for the light Higgs scenario in the tan β vs sin(β − α) plane, with all other constraints applied. Type II and F are shown in the top left and middle panels. The allowed parameter space is clearly centred around the lines sin(β − α) = 1, the SM-like or alignment limit, and sin(β + α) = 1 which, for type II and F is the wrong sign limit introduced in [23] , and discussed again in detail in [14] (see also [24] ). The models have very similar allowed regions. These regions are primarily related to the bound on the µ VV as pointed out in [25] and discussed in great in detail in [24] . In fact, as shown in [24] , it is enough to impose 0.8 < µ VV < 1.2 to reproduce figure 1 for type II and F with remarkable accuracy.
The three bottom figures refer to the type I model. Again, the shape of the allowed region is to a great extent determined by µ VV which in type I is approximately equal to sin 2 (β − α) [25] . This is clearly seen in the bottom left panel because the limits are almost vertical lines and therefore independent of tan β . This is due to the fact that if tan β 1 the type I 2HDM is equivalent to the model obtained by adding a singlet to the SM. In fact, in this limit κ F ≈ κ V = sin(β − α) and only small deviations occur for small tan β . The effect of the self-couplings can only be seen via the introduction of the theoretical constraints which is shown in the middle and right bottom plots. However, the effect only occurs with the introduction of a lower bound on m H . The combination of theoretical constraints with a 300 GeV (middle) and 500 GeV (right) lower bound has a remarkable effect on the allowed parameter space of the type I model. This behaviour is mainly driven by the constraint that forces the minimum to be the global one at tree-level [13] .
Finally, in the top right plot we present the allowed parameter space for type LS. As discussed in [14] it reflects the fact that µ VV is now somehow between type I and type II. Depending on the values of tan β and sin(β − α), µ VV is closer to type II (when h → τ + τ − dominates) or closer to type I (when h → bb dominates). In the type LS model the measurement of µ ττ has an important effect on the parameter space of the model [26] especially for large tan β . The type I model has a limit where the lightest Higgs completely decouples from the fermions. This is called the fermiophobic limit and is obtained by setting sin α = ±1 [27] . In figure 2 we present the allowed parameter space for type I in the plane (tan β , sin α). Clearly, one can state that the fermiophobic limit of a type I 2HDM is now excluded at 3σ .
The future of CP-conserving 2HDM
We will now analyse the impact on the 2HDM parameter space of an increase in the accuracy of the rates' measurement from the present values of about 20% to 10% or even 5% relative to the SM prediction. (see [28] for an analysis based on predictions for future colliders). We start with the wrong sign limit which is defined by κ i κ j < 0 where i, j can be either a fermion, F or a gauge boson, V . According to our choice of the range of variation for α, κ U is always positive. Furthermore, the interference of lepton loops with any other particle loops is always negligible for the expected accuracy. Finally, as shown in [14] , the combination of all constraints disallows any wrong sign limit for tan β < 1. Therefore the only possible wrong sign limit, corresponding to the left leg in the left panel of figure 3 , is κ D κ V < 0 for type II and type F. At 20% we obtain similar results to the ones shown in figure 1 . Already at 10% the allowed space for the wrong sign limit is reduced due to µ ττ . This should however be interpreted with care due to the the uncertainties in the gg production cross section. Finally, as discussed in [23] this wrong sign limit is excluded if µ γγ does not deviate by more than 5% from the SM prediction. The exclusion is mainly due to the contribution of the charged Higgs loop to h → γγ. As shown in [24] this result is independent of the value of the production cross section (provided the constraint on µ VV is already taken into account).
There is no wrong sign limit for models type I and type LS when sin(β +α) = 1 (and tan β > 1 due to experimental constraints) [23, 14] . However, the right panel of figure 3 clearly shows a left leg very similar to the one obtained for types II and F. The main difference lies in the range of allowed values of sin(β − α) in the two cases. What is the origin of the second leg in type LS? When sin(β + α) = 1 (which corresponds to α → −α relative to alignment) we have
and since tan β 1, κ V > 0. Therefore, in types LS (and in type I) we obtain κ U = κ D = 1 and the only difference relative to the alignment limit is that κ V = 1, except for very large tan β . The limit where sin(β + α) = 1 but no sign change occurs in any of the Higgs couplings to the remaining SM particle was defined as the symmetric limit [14] . Equation 4.3 tells us that for low tan β there are good chances of distinguishing the symmetric limit from the alignment limit which is clearly seen in the figure. However, it also clear that for tan β above ≈ 10 the two limits become indistinguishable even with a 5% accuracy in the measured rates.
Non-decoupling in the heavy scenario
In the previous section we have presented the status of the 2HDM in the light Higgs scenario. The scenario where the heavy CP-even scalar is the SM one can be obtained from the light one with the mapping (which preserves our convention),
and a detailed discussion regarding the heavy scenario can be found in [14] . There is however a major difference between the two scenarios. While a decoupling limit exists for the light scenario of the 2HDM [29] , the same is not true for the heavy scenario. In fact, because m h < m H = 125.9 GeV, the heavy scenario has an alignment limit when sin(β − α) = 0 but not a decoupling limit.
In figure 4 we show in the left panel κ γ as a function of κ U for the heavy scenario. As expected, 
